The purpose of our investigation was to compare, for the hamstring and quadriceps femoris muscles, peak torque values uncorrected for gravity with the peak torque values corrected for gravity and to determine the effect of making this correction on the hamstring to quadriceps femoris muscle peak torque ratio at slow and fast isokinetic speeds. We measured peak torques isokinetically at 60°/sec (slow) and 240°/sec (fast) in 25 female university soccer players. The gravity effect torque (GET) is the torque resulting from the effect of gravity on the combined weight of the leg and dynamometer arm at the precise angle of extension and flexion peak torque. The GET was added to the measured quadriceps femoris muscle peak torque and subtracted from the hamstring muscle peak torque to yield gravity corrected values. Failure to consider GET greatly underestimated quadriceps femoris muscle torque and overestimated hamstring muscle torque and the ratio between these torques at both speeds. Whereas the uncorrected hamstring to quadriceps femoris muscle peak torque ratio increased as speeds went from 60°/sec to 240°/sec, the gravity corrected ratio significantly decreased. Clinicians must remember the importance of making the gravity correction in patients with reduced torque output where the gravitational torque is a greater percentage of the measured torque to ascertain correctly the relative strength of antagonists inversely affected by gravity.
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Achieving a balance in the relative strength of the knee flexor and extensor muscles is a recognized goal of rehabilitation, 1,2 athletic conditioning, 3, 4 and injury prevention. 5, 6 Development of the Cybex® II isokinetic dynamometer* has enabled researchers to study the relationship of knee flexor to extensor muscle torque dynamically at preselected angular velocities. One way to look at this relationship is to examine the hamstring to quadriceps femoris muscle peak torque ratio.
The hamstring to quadriceps femoris torque ratio has been reported for groups of high school 7, 8 and professional 9 football players, postoperative knee cases, 1 and nonathletic adults. [10] [11] [12] An interesting finding common to all but one of these studies is the increase in the hamstring to quadriceps femoris torque ratio from slow to fast movement speeds. 11 Torque decreases as the speed of a muscle contraction increases. 1, [11] [12] [13] [14] [15] This is true of both antagonist muscles performing a reciprocal movement, such as knee extension and flexion. Therefore, for the hamstring to quadriceps femoris torque ratio to increase as speed increases, the decrease in quadriceps femoris torque must be larger than the concomitant decrease in hamstring torque. 7, 10, 16 Curiously, the investigators who have reported an increase in the hamstring to quadriceps femoris torque ratio at fast isokinetic speeds have not suggested any biomechanical, neurophysiological, or other mechanism to explain the increase. If, in fact, the ratio increases as movement speed increases, some morphological or functional differences between the muscles must account for the change.
In the absence of a proposed mechanism or evidence of morphological differences, an alternative thesis may be advanced. Namely, that the hamstring to quadriceps femoris peak torque ratio may not increase at fast isokinetic speeds but is found to increase because of an error in methodology. This error is a failure to correct for the gravity effect torque (GET) resulting from limb weight when measuring peak torques of the hamstring and quadriceps femoris muscles.
Correcting for the effect of gravity increases quadriceps femoris torque values and decreases hamstring torque values. 17, 18 Richards has reported the hamstring to quadriceps femoris peak torque ratio at slow and fast isokinetic speeds using gravity corrected torque values. 12 The magnitude of the GET as a correction factor in calculating hamstring and quadriceps femoris peak torques and their ratio at varying isokinetic speeds, however, has not been investigated adequately. Clinically, to plan correct preventive conditioning or postinjury rehabilitation programs, therapists must understand the true na ture of the relationship between the hamstring and quadriceps femoris mus cles and how this relationship is affected by changing isokinetic speeds.
The purpose of our investigation was to compare, for the hamstring and quad riceps femoris muscles, peak torque val ues uncorrected for gravity with the peak torque values corrected for gravity and to determine the effect of gravity correction on the hamstring to quadri ceps femoris peak torque ratio at 60°/ sec and at 240%sec. We expected that when the GET was accounted for, the hamstring to quadriceps femoris peak torque ratio would not change at in creasing isokinetic speeds.
METHOD

Subjects
We tested 27 women on the university varsity soccer team as part of a presea son medical examination. Prior to test ing, each subject gave informed consent. Two subjects who had a history of reconstructive knee surgery exhibited serious asymmetries in either their ipsilateral antagonist or contralateral ho mologous muscles and were excluded from the data analysis for this study. The remaining 25 subjects had no his tory of knee surgery and were not in jured at the time of testing. The mean age of the women was 19 ± 1.22 years; the mean weight, 57.95 ± 4.38 kg; and the mean height, 163.65 ± 5.24 cm.
Experimental Procedure
The preseason medical examination isokinetic testing protocol required that both legs of each subject be tested isometrically (0°/sec) at 90 degrees of knee flexion and dynamically in a knee exten sion-flexion pattern at 60%sec and 240°/ sec. Three to five warm-up trials were allowed at each test speed. Five trials, with at least 10 seconds of rest between each trial, were recorded at both test speeds. The order of testing was the same for each subject (isometric, 60°/ sec, 240°/sec). We will report only the isokinetic data from the right leg. Paired / tests revealed no significant difference between left and right legs for any vari able (p > .05) Subjects sat on the testing table with the knee at 90 degrees of flexion and the axis of rotation of the dynamometer aligned with the lateral femoral condyle. .67 (±.13) .54 (±.10)
.79 (± .23) .51 (±.19) Standard stabilization straps were used across the thigh and pelvis to minimize extraneous hip motions. Subjects grasped the side of the seat and kept the trunk in contact with the backrest dur ing testing. Subjects were instructed to kick and bend the leg as hard and as fast as possible through a complete range of motion. Verbal encouragement was given during every trial.
Data Reduction and Analysis
Torque in foot-pounds was recorded on the graph of the dual channel re corder using the 180 ft . lb † scale at a damping setting of 2. The torque at the peak point in each extensor and flexor muscle torque curve (peak torque) and the corresponding angle (angle of peak torque) were measured manually using a Cybex® II data chart card. These torque values taken directly from the graph paper were uncorrected for the effect of gravity.
Gravity corrected hamstring and quadriceps femoris peak torque values were determined as recommended by Nelson and Duncan. 17 The GET is the torque produced by the combined weight of the limb and dy namometer arm at the precise angle at which peak torque occurred during each knee extension and flexion movement. Because the angles of peak torque for hamstring and quadriceps femoris mus cles varied slightly from trial to trial, we calculated the GET for each trial. Hence, gravity corrected hamstring and quadriceps femoris peak torque values were determined for all five trials at each isokinetic speed and used in the data analysis. †1 ft . lb= 1.356 N . m.
a Mean peak torque in ft.lb (standard deviations in parentheses).
RESEARCH
We used an analysis of variance ‡ to study the repeated measures design involving the three factors (method, speed, trial). In this design, the error term for each significance test is the interaction of that effect with the subject effect. 20 We performed follow-up testing using Duncan's multiple range test to detect differences between individual means. Table 1 presents the means and standard deviations of the uncorrected and corrected peak torque and ratio data at each isokinetic speed. The difference between the uncorrected and corrected data is the GET. Figures 2 and 3 plot the data for each variable from Table 1 . Table 2 summarizes the analysis of variance for each variable. Correcting for gravity yielded increases in mean quadriceps femoris peak torque of 4.5 ft.lb at 60%sec and of 7 ft.lb at 240°/ sec over the respective uncorrected torque values. Gravity correction yielded about an 8 ft.lb difference in hamstring peak torque at each speed. This is reflected in the highly significant method main effect for each variable.
RESULTS
The effect of the gravity correction on the hamstring to quadriceps femoris peak torque ratio as isokinetic speed increased is revealed by the highly significant interaction of method and speed for the ratio variable (Tab. 2, Fig.  3 ). When calculated with uncorrected peak torque data, the ratio increased from .67 at 60°/sec to .79 at 240°/sec, but decreased from .54 at the slow speed to .51 at the fast speed when calculated with gravity corrected torque values (Tab. 1). A Duncan's multiple range test performed on the ratio means in Table  1 showed that all differences between means were significant (p < .01).
The highly significant speed main effect (Tab. 2) for both hamstring and quadriceps femoris peak torques reflected the large torque decreases that occurred in each muscle group at the fast isokinetic speed regardless of the method used to determine peak torque.
The effect of measurement over five trials was analyzed as a separate source of variation. The trial main effect was not significant for any variable. The interaction between speed and trial for hamstring peak torque was significant. The linear effect of trials was examined for each speed using orthogonal contrast coefficients. At 60%sec, peak torque increased significantly from Trial 1 ( = 49.72 ft.lb) to Trial 5 ( = 52.55 ft.lb) (F=9.14; df= 1,96; p<.01). At 240°/ sec, peak torque decreased significantly from Trial 1( =30.19 ft.lb) to Trial 5( = 27.52 ft.lb)(F= 5.09;df=1,96; p<.01).
DISCUSSION
When the knee extension-flexion movement is performed on the Cybex® dynamometer, knee flexion is aided by gravity and knee extension is opposed by it. Even in the absence of an active hamstring muscle contraction, a flexor muscle torque curve is produced by the combined weight of the lower leg and dynamometer arm passively falling through a 90° arc from full extension to flexion. Clearly, this torque is a component of any flexor torque curve produced by an active hamstring contraction during isokinetic testing.
Conversely, a quadriceps femoris contraction may raise the limb and dynamometer arm through a full range of knee extension but register no extensor torque curve if the preset angular velocity is not reached. Obviously, torque is produced by the quadriceps femoris muscle, but in this case is just not measurable by the Cybex®. Indeed, the extensor torque necessary to raise the 1,1-15 Therefore, at fast isokinetic speeds, the GET becomes a larger percentage of observed torque.
Uncorrected for GET at fast isokinetic speeds, quadriceps femoris torque will decrease more than hamstring torque. Several investigators have reported this, 7,10,16 and the results of our study confirm this finding. Uncorrected quadriceps femoris peak torque decreased by 48% and uncorrected hamstring peak torque decreased by only 40% at the fast isokinetic speed. This resulted in the significant increase from .67 to .79 in the hamstring to quadriceps femoris ratio (Tab. 1). Predictably, if peak torque measures are not corrected for the gravitational torque resulting from limb weight, increasing isokinetic speed will result in larger hamstring to quadriceps femoris ratios.
Correcting for gravitational torque in measuring hamstring and quadriceps femoris peak torque yielded different results. Increasing isokinetic speed produced a 43% decrease in corrected quadriceps femoris peak torque, but a 46% decrease in corrected hamstring peak torque. This resulted in a significant decrease from .54 to .51 in the hamstring to quadriceps femoris ratio.
Because limb weight is a constant, unaffected by changes in movement speed, only a change in the angle of peak torque could account for different gravity effect torques at the two speeds. Indeed, a significant decrease in the angle of quadriceps femoris peak torque occurred at the fast isokinetic speed. At 240°/sec, the angle of quadriceps femoris peak torque was 47 degrees compared with 61 degrees at 60°/sec (paired  t= 10.45,df= 124,p<.001) .TheGET is larger at the smaller angle (faster speed) because of the longer moment arm as the limb approaches horizontal. Thus, although quadriceps femoris peak torque decreased at the fast speed when calculated by both gravity corrected and uncorrected methods, the decrease was larger when using the uncorrected method. The uncorrected quadriceps femoris peak torque decreased by 40 ft. lb from 60°/sec to 240%ec (Tab. 1). The decrease was only 37.5 ft.lb in the gravity corrected torque values. The resulting 2.5 ft.lb difference was of sufficient magnitude to produce the highly significant method by speed interaction for the quadriceps femoris muscle (Tab. 2, Fig. 2) . Although the angle of hamstring peak torque increased from 33 degrees at 60°/sec to 37 degrees at 240°/ sec, evidently this difference was not large enough to affect significantly the moment arm. Similar decreases (21.95 to 21.33 ft.lb) occurred in hamstring peak torque from the slow to fast speed regardless of which method, gravity uncorrected or corrected, was used to determine peak torque resulting in the insignificant method by speed interaction for the hamstring peak torque (Tab. 2). Table 1 demonstrates that, although both hamstring and quadriceps femoris corrected peak torque values decreased as speed increased, the magnitude of the decrease was greater for the hamstring muscle. Thus, the ratio between gravity corrected hamstring peak torque and the gravity corrected quadriceps femoris peak torque decreased as speed increased.
In contrast to our results, Schlinkman 21 and Richards 12 corrected for the effect of gravity when measuring the hamstring to quadriceps femoris peak torque ratio at varying isokinetic speeds but found an increase in the ratio at increased speed. Schlinkman tested 342 high school football players for knee muscle imbalance on the Cybex® II. 21 A Cybex data reduction computer was used to determine gravity corrected hamstring to quadriceps femoris peak torque ratios at three isokinetic speeds. Although statistical significance is not reported, the ratio increased from .54 at 60°/sec to .66 at 200°/sec and to .67 at 300°/sec. Richards corrected for the effect of gravity when measuring the hamstring to quadriceps femoris ratio at two isokinetic speeds in women. 12 She re-RESEARCH ported a significant increase in the gravity corrected hamstring to quadriceps femoris peak torque ratio from .47 at 30°/sec to .60 at 180°/sec. The disparity between the results of Richards and Schlinkman and the results of our study may be because of differences in test subjects or isokinetic speeds. Richards's female subjects were older (mean age, 38.4 years), more heterogeneous with respect to age, and had a broad cross section of levels of physical activity. Our subjects were younger, trained athletes. Testing at different isokinetic speeds results in different angles of peak torque. Indeed, we found the angle of quadriceps femoris peak torque significantly decreased from 61 degrees to 47 degrees (0° = full extension) and the angle of hamstring peak torque significantly increased from 33 degrees to 37 degrees from 60°/sec to 240%ec.
Richards reported angles of peak torque for the quadriceps femoris muscle to be 72 degrees at 30%sec and 54 degrees at 180°/sec and the angle of the hamstring peak torque to be 18 degrees at both speeds. Because calculation of the GET is a function of the angle at which peak torque occurs during knee motion, comparisons of hamstring to quadriceps femoris ratios between studies that report different angles of peak torque are ineffectual. Schlinkman did not report the angles of peak torque for either muscle group but did test at 60%ec as we did. 21 Interestingly, identical ratios of .54 resulted in his football players and the soccer players when peak torques were measured at the same isokinetic speed. Future isokinetic research of the effect of speed on the ratio of hamstring to quadriceps femoris torques should be conducted using the same speeds so that valid comparisons can be made.
Differences in fiber type of the quadriceps femoris muscle of the different subject samples also may account in part for the disparate findings between our study and those of Richards and Schlinkman.
12,21 Thorstensson et al reported a significant positive correlation between fast twitch muscle fiber in the vastus lateralis muscle and peak torque of knee extensors at 180°/sec.
14 They concluded that a high percentage of fast twitch fibers is one prerequisite for performing fast contractions with appreciable torque outputs. Gregor et al reported significant positive correlations between percentage of total fast twitch fiber area in the vastus lateralis muscle of female athletes and maximal torque at isokinetic speeds of 96°/sec and faster.
22 A high percentage of fast twitch fibers in the quadriceps femoris muscle would put it at a physiologic advantage and lead to relatively smaller decreases in extensor torque than in flexor torque at fast isokinetic speeds. This would be reflected as a decrease in the hamstring to quadriceps femoris ratio at the fast speed as reported.
Even in the absence of morphological differences because of muscle fiber type, we postulate that athletes involved in a kicking sport might have an advantage in the performance of knee extensionflexion on the Cybex® at fast speeds. Athletes are accustomed to the maximum effort demanded by isokinetic testing. In particular, soccer players who are practiced in developing maximum torque and limb velocity to execute a soccer kick may have a training bias favoring their ability to develop large extensor torques at fast movement speeds.
Because each subject was tested at 600° /sec first followed by 240° /sec, we cannot rule out the possibility that test order may have introduced a systematic error and influenced our results. Thorstensson et al reported no significant differences in knee extensor torques between a group performing first isometric and then isokinetic contractions from slow to fast speeds and a group performing the same number of contractions in a randomized order.
14 Costain and Williams used different testing sequences to reduce the possibility of error resulting from fatigue or learning but did not report if a statistical analysis was done to test for the effect order of isokinetic speed had on torque output. 23 This is an issue that has received little attention in the isokinetic literature and yet may have important ramifications for both research and clinical testing.
Because peak torque and angle of peak torque vary from trial to trial, we chose to use all five trials so that each ratio was calculated between truly antagonistic flexor and extensor torques. If we had chosen the largest torque and its respective angle from among all trials, as has been reported,
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' 24 we might unwittingly have affected the hamstring to quadriceps femoris peak torque ratio. By including all five trials in the analysis, we prevented mismatching quadriceps femoris peak torque with a hamstring peak torque from a different trial. In the analysis, therefore, trial is shown as a separate source of variation. Differences among trials were not significant for any variable, which indicates no significant improvement or decrement over trials (Tab. 2). The only significant effect related to trials was the speed by trial interaction for hamstring peak torque. Examination of individual trial means at each speed revealed that, at the slow speed, hamstring peak torque increased from Trial 1 to Trial 5 and, at the fast speed, the largest torque occurred on Trial 1 and decreased thereafter to Trial 5. Although each trend was significant, we cannot account for this finding.
Even though the method for calculating the GET published by Lumex, Inc, is incorrect, the magnitude of error is not great. For our data, their method overestimates the GET for the quadriceps femoris muscle by about 1.5 ft.lb, underestimates the GET for hamstring muscles by about 0.8 ft.1b, and underestimates the ratio by about .025. Nevertheless, we prefer the Nelson and Duncan method for its accuracy and simplicity. 17 Our results suggest that the GET is of sufficient magnitude to change significantly the peak torque measurements of both the hamstring and quadriceps femoris muscles. Failure to consider the GET seriously underestimates actual quadriceps femoris torque and overestimates hamstring torque at both slow and fast isokinetic speeds. This leads to incorrect assessment of the muscles' true ability to develop torque during an isokinetic movement. Herein lies the major motivation for making the gravity correction. When uncorrected torque values are used to calculate the ratio of peak torques from antagonist muscles inversely affected by gravity, specious ratios result. The problem is magnified at faster isokinetic speeds. Clinically, the influence of the gravitational torque in patients with reduced torque output would be even greater because the gravitational torque is a larger percentage of the measured torque. We believe that failure to correct for the GET resulting from limb weight when measuring hamstring and quadriceps femoris torque has led to erroneous conclusions about the relative strength of these muscles at all isokinetic speeds.
CONCLUSION
The results of our study demonstrate the need to make the correction for the effect of gravity when measuring hamstring and quadriceps femoris torque isokinetically in an antigravity position. This is necessary not only to obtain valid measurements of muscle torque but, even more important, to ascertain the relative strength of antagonists inversely affected by gravity. The error in not correcting for the effect of gravity becomes magnified at faster isokinetic speeds where absolute muscle torque values are small and the proportion of GET to the measured muscle torque increases.
Whereas the hamstring to quadriceps femoris ratio has been reported to increase at fast isokinetic speeds, we found a significant decrease in the ratio after we corrected for the effect of gravity. Additional research is needed to replicate the findings of our study and to continue to investigate the relationship of hamstring to quadriceps femoris muscles in other groups of subjects, including men, the elderly, and untrained individuals. 17 The angle chosen (θ 2 ) will be the angle at which peak torque occurs for the muscle being tested. Because peak torque occurs at different angles for the hamstring and quadriceps femoris muscles, a separate GET is calculated for each. GETθ 1 (cosθ 2 ) COS01 6. Each GETθ 2quads is added to the respective uncorrected quadriceps femoris muscle peak torque, and the GETθ 2 hams is subtracted from its uncorrected hamstring muscle peak torque value to yield the gravity corrected hamstring and quadriceps femoris peak torque values. 
